INTRODUCTION
For quite some time, the use of ultrasonic sensors for the application of monitoring the polymer curing process has been explored [1] [2] [3] [4] . For the most part, these studies have confined themselves to the monitoring of the curing of a neat resin (without fibers), utilizing normally incident longitudinal or shear plane waves. This approach does not account for the anisotropy associated with composites, nor does it allow for the generation of alternative wave types.
In order for ultrasonic sensors to be fully exploited for this application, a theoretical framework must be established to identify measurement configurations which are sensitive to changes exhibited by a composite during processing. This paper presents some theoretical and experimental results on the use of obliquely incident ultrasonic waves for monitoring the curing process in a viscoelastic, anisotropic curing media.
THEORY
In this effort, the curing composite is modeled as a viscoelastic, anisotropic homogeneous continuum whose properties are a function of cure time. Theoretical predictions for curing composite's viscoelastic moduli are obtained through the use a material model [5, 6] . This model, based upon Hashin's effective modulus theory [7] , combines the properties of an isotropic viscoelastic resin, whose properties are a function of cure time, with those of transversely isotropic elastic fibers whose properties are independent of cure time suring the velocity and attenuation of both longitudinal and shear waves propagating in a curing neat resin.
Once the composite's material properties are known at each point during the curing process, prediction of the ultrasonic measurements can be made after the solution of appropriate boundary value problems are considered. Outlined here is the solution for the case of an obliquely incident longitudinal wave on a viscoelastic layer embedded between two identical isotropic elastic half-spaces. Similar solutions exist in the literature for the cases of obliquely incident plane waves on: an interface between two generally anisotropic elastic media [8] , liquid coupled orthotropic elastic plate [9] , and liquid coupled orthotropic viscoelastic plate [10] . In this application, the additional generality of elastic solid loading on a viscoelastic plate is considered. This problem models a typically encountered processing scenario in which the elastic half-spaces bounding the layer represent tooling surfaces upon which the composite is cured and whose shape the composite assumes during processing.
The problem formulation and coordinate system describing the incident, reflected, and transmitted waves is illustrated in Figure 1 . The x~ X3 plane shown in the figure is defined to be the sagittal plane, which contains the incident, reflected and transmitted wave vectors. This plane can be oriented at an arbitrary angle with respect to the principal axis of the orthotropic layer. The superscripts "i, e and v" represent the incident wave, waves propagating in the upper and lower elastic half-spaces, and waves propagating in the viscoelastic half-space respectively. The numbers after the "e and v" superscripts represent the different bulk modes propagating in the respective media.
First, the displacement field for each of the 12 partial waves generated by the upper and lower interfaces is determined by identifying plane wave solutions which satisfy both Snell's Law and the elastodynamic field equations. The details of this derivation are presented in [5, 6] . With this approach, each of the plane wave displacement fields can be expressed in the following form: In the above equation, kl and k2' are the incident wave vector components which are projected onto the interface. These are real quantities because the incident wave is propagating in an elastic media and Snell's law requires that each partial wave have the same projected component of the wave vector. The transverse component of the wave vector, k;', is mode specific and is complex due to the viscoelastic behavior of the layered media. Complex valued wave vectors result in an inhomogeneous plane wave, because the amplitude of the wave varies along the wavefront. Unlike in the elastic case where planes of constant phase are always orthogonal to planes of constant amplitude, inhomogeneous waves in viscoelastic media carry no such restriction. Figure 2 illustrates this effect for the case of a single interface between elastic and viscoelastic half-spaces. Physically, this means that although the wavefronts may be oriented at some angle with respect to the interface, the planes of constant amplitude are always oriented parallel with the interface and the amplitude of the wave decays exponentially with depth from the interface.
The displacement fields for each of these partial waves is then used to determine the resultant tractions on each interface. Invoking the boundary conditions of continuity of displacements and tractions at the upper and lower interfaces of the layer results in a 12 by 12 complex system of linear equations whose solution vector is represented by the complex amplitudes of each of the partial waves. This system of equations is given by: (2) The solution for the case of oblique incidence on an interface between an isotropic elastic half-space and an orthotropic viscoelastic half-space can be easily obtained if the thickness of the layer is allowed to approach infinity. Figures 3 and 4 illustrate typical theoretical results obtained from this model for both the layered and half-space cases.
RESULTS
The theory presented was verified using the experimental configuration illustrated in Figure 5 . An aluminum half-cylinder with a radius of curvature of 70 mm served as the upper tool, while a second lower plate of sufficient thickness to achieve a half-space condition was used as the lower tool. Seven broadband 5 MHz longitudinal transducers were mounted on the half-cylinder to measure the reflection factor at specific incident angles of 0°, 20°, 50° and 70°. During the cure process, the multiplexer sequenced through each incident angle at a rate of one reading every 4 minutes to observe the variation of the reflection factor with cure. A broadband excitation was used and a Fourier analysis was performed to extract specific frequency components of the reflected signals.
In this study two S-Glass fiberglass epoxy composite specimens were prepared using a "wet" lay-up technique. This was accomplished by mixing the epoxy and hardener at t = 0 and then impregnating each layer of fiberglass with the epoxy during the lay-up process. The number of plies and thickness were controlled to achieve a fiber fraction of 60%. The two samples were laid up in a cross-ply [0° /90°) fashion to achieve orthotropic samples with thicknesses 1.2 mm and 1.8 mm. In both cases, the laminates were inserted into the mold so that the sagittal plane was aligned with the 0° direction of the orthotropic composite.
The experimental half-space reflection factor was obtained using the 1.8 mm sample, using a temporal gating technique to ignore the response from the far side of the layer. The resulting signal was due only to the wave's interaction with the upper aluminum/fiberglass epoxy interface. The 3.0 MHz component of the signal was extracted and used as the measured half-space reflection factor. Figure 6 shows the results of this experiment along with the theoretical predictions. As can be seen in the figure, for angles of incidence below 50 0 , the reflection factor decreases as a function of cure time while for angles of incidence greater than 50 0 , the reflection factors increases as a function of cure time. This phenomena is observed both theoretically and experimentally. Because of this switching effect in the sensitivity, a 50 0 incident angle would be a poor selection since the reflection factor exhibits poor sensitivity to the composite curing process. Furthermore, an interesting result is obtained if the ratio of the initial to the final value of the reflection coefficient is calculated for each incident angle. This ratio expressed in dB illustrates the sensitivity of the measurement. A higher absolute value indicates a greater sensitivity of the measurement to changes experienced during cure. From this analysis, a 70° incident angle theoretically resulted in a higher absolute sensitivity compared with the normal incidence case (3.22 dB versus -2.72 dB respectively). Experimentally, this effect was not fully verified, with the 70° having a slightly smaller absolute sensitivity of 2.92 dB compared with -2.99 dB for the normal incidence case. It can be concluded, however, that the use of oblique incidence still offers excellent sensitivity to cure changes, while offering measurement redtmdancy when utilized in conjunction with normal incidence measurements.
The experimental layer reflection factors were measured for both the 1.2 and 1.8 mm thick specimens. In order to account for the resonances associated with the layer, multiple frequencies were extracted and compared with the theoretical predictions. Two typical results are illustrated in Figures 7 and 8 .
These results show good agreement between theory and experiment, particularly in the structure of the curves and the minima times, which correspond to resonances of specific modes within the layer. These minima may have the potential to serve as cure progression indicators in which the degree of cure is tracked by the generation of specific modes within the layer. Adclitionally, as the cure nears completion, all measurements asymptotically approach a limiting final value. 
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CONCLUSION
Good correlation between theoretical and experimental measurements was observed and the utility of the model was demonstrated for predicting measurement trends for both the half-space and layer case. Proper use of this model has the potential to assist in the identification and development of alternative measurement procedures which are sensitive to composite cure. Future work on this subject will be focused on the development of an inverse algorithm to extract composite properties from these ultrasonic measurements.
